The antibiotic peptide nisin is the first known lantibiotic that uses a docking molecule within the bacterial cytoplasmic membrane for pore formation. Through specific interaction with the cell wall precursor lipid II, nisin forms defined pores which are stable for seconds and have pore diameters of 2 to 2.5 nm.
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Nisin, an amphiphilic antibiotic peptide, is produced by a number of strains of Lactococcus lactis subsp. lactis. It has antibacterial activity against various gram-positive bacteria and is widely used as a food preservative (10, 15) . Nisin belongs to the lantibiotics, which are ribosome synthesized, posttranslationally modified peptides characterized by intramolecular rings formed by the rare thioether amino acids lanthionine and 3-methyllanthionine (9, 12) . Nisin is the most prominent member of the type A lantibiotics, which are elongated, amphiphilic, screw-shaped peptides with a net positive charge (11) . The first report on the mode of action of nisin dates back to 1960, when Ramseier observed leakage of UV-absorbing intracellular compounds from treated cells, suggesting a detergent effect (16) . Subsequent experiments showed that lantibiotics induce the rapid efflux of ions or cytoplasmic solutes such as amino acids and nucleotides. The concomitant depolarization of the cytoplasmic membrane resulted in a rapid termination of all biosynthetic processes (18, 20) . These results led to the conclusion that the primary mode of action of nisin is the formation of channels in the cytoplasmic membrane. Although the pore formation process of nisin in artificial membranes was intensively studied and several models, such as the wedge model, were established (8), it was not possible to explain some special features of nisin activity in vivo. For example, nisin is active against some bacteria even in the nanomolar range, whereas in artificial membranes, pore formation required micromolar concentrations (4) .
The first hints for the identification of a target molecule for nisin activity arose from observations by Linnett and Strominger (14) ; in an in vitro system with isolated membranes, nisin was shown to interfere with cell wall biosynthesis, which was later found to be based on interaction with the membrane-bound cell wall precursor lipid II [undecaprenylpyrophosphoryl-MurNAc-(pentapeptide)-GlcNAc] (17).
The cell wall precursor lipid II was purified, and it was demonstrated with intact cells and lipid II-doped multilamellar liposomes (7) that nisin uses lipid II as a docking molecule for pore formation. The specificity of the nisin-lipid II interaction resulting in high-level activity of nisin was further demonstrated in a comparative study with the pore-forming amphiphilic defense peptide magainin 2. In contrast to magainin, the activity of nisin was enhanced by a factor of 10 3 when lipid II was available for targeted pore formation (5) .
To obtain information on the electrochemistry of the pore formation process in the presence of lipid II, we performed black lipid membrane bilayer experiments. The basic procedure for the formation of black lipid bilayer membranes was described previously (1). We painted a 1% solution of diphtanoyl-phosphatidylcholine (DiphPC; Avanti Polar Lipids) in n-decane across a circular hole connecting two aqueous compartments of a Teflon chamber. The membrane area was 1 mm 2 . The aqueous phase consisted of unbuffered 1 M KCl solutions, and the temperature was kept at 25°C. Membrane currents were measured with a pair of calomel electrodes switched in series with a voltage source and an electrometer (Keithley 602). The amplified signal was monitored with a storage oscilloscope (Tektronix 5115) and recorded by a strip chart recorder. Nisin was purchased from Koch & Light (Colmbrock, England). The orientation of the voltage was defined with respect to the addition of nisin (on the cis side); a trans-negative potential means that the negative side was opposite the side to which nisin was added.
To obtain conductance within a reasonable time frame, a nisin concentration of 0.1 M was routinely used. Nisin was added to the cis side, and the voltage was stepwise increased and decreased to zero (Fig. 1A) ; subsequently, the potential was increased with the opposite orientation and taken back to zero. The current was measured approximately 10 s after the application of the voltage. When the cis side was positive by about 110 mV, the membrane conductance started to increase, and when the voltage was taken back to zero, a strong hysteresis effect was observed. After the application of a trans-positive membrane potential (indicated by a minus sign), the membrane remained stable; however, membrane conductance was not observed, showing that the insertion of nisin into the membrane is an energy-dependent process that occurs only in the presence of a high trans-negative membrane potential (above 100 mV).
Purified lipid II was incorporated into a membrane of DiphPC at a concentration of 1 mol% with respect to total phospholipids. Lipid II was synthesized in vitro by using mem-brane preparations of Micrococcus luteus ATCC 4698. For extraction and purification, the protocol elaborated by Brötz for [
14 C]lipid II was applied (6) . The concentration of lipid II stock solutions in chloroform-methanol (1:1, vol/vol) was determined by quantitative amino acid and amino sugar analysis by using the o-phthaldialdehyde derivatization technique (19) .
When lipid II was present, membrane conductance was observed even at 5 to 10 mV (Fig. 1B) . Remarkably, in contrast to the experiment without lipid II (Fig. 1A) , nisin pore formation occurred after the application of both a trans-negative and a trans-positive membrane potential. Obviously, in the presence of the cell wall precursor, the energy needed to transfer the nisin molecules to a conducting state was strongly reduced.
After nisin had been inserted into the membrane (Fig. 1B) , the pores remained stable for hours. During this period, a linear current-voltage relationship was observed and the hysteresis was strongly reduced when the voltage was increased and decreased again (Fig. 1C) . Thus, lipid II also seems to stabilize pores in such a way that complexes do not dissociate when the voltage is absent.
For further characterization of the nisin-lipid II pore complex, we performed single-channel experiments. In the absence of lipid II, a constant voltage of 100 mV had to be applied (Fig.  1A) . The strong current noise observed indicates a high instability of the nisin-induced membrane conductance ( Fig. 2A) . In contrast, when the DiphPC membrane was doped with 1 mol% lipid II and nisin was added at a concentration of 0.1 M, 5 mV was sufficient to produce regular patterns of membrane conductance (Fig. 2B) . The most prominent conductance levels were used for the calculation (20) of an average pore diameter of 2 to 2.5 nm and an average pore lifetime of approximately 6 s (50 stable channels from two independent experiments were evaluated). In addition, particularly on pore openings, short-lived higher conductance levels that may represent unstable larger pores were observed.
When the results of the present study were compared to previously published details on nisin pores in the absence of lipid II (i.e., a threshold potential of Ϫ100 mV [as confirmed here], a pore size of 1 nm, and pore lifetime in the millisecond range [2, 13] ), it was obvious that lipid II both facilitated pore (21) , and it has been suggested that lipid II actually could be an integral part of the pore (3). A pore diameter of 2 nm, as observed here, requires that several such complexes be associated to form a functional pore. The number of nisin-lipid II complexes participating in the stable pore appeared to be constant; intermediate conductance levels or regular conductance fluctuations, which could indicate variations in pore size, could not be resolved in the single-channel recording. The short-lived conductance spikes might represent unstable pore aggregates that rapidly dissociate into more stable pores of the dimensions calculated above. Further experimentation will be necessary to understand the dynamics and architecture of this unique pore.
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